Infection of weanling C57BL/6 mice with the TE strain of Sindbis virus (SINV) causes nonfatal encephalomyelitis associated with hippocampal-based memory impairment that is partially prevented by treatment with 6-diazo-5-oxo-l-norleucine (DON), a glutamine antagonist (Potter et al., J Neurovirol 21:159, 2015). To determine the mechanism(s) of protection, lymph node and central nervous system (CNS) tissues from SINVinfected mice treated daily for 1 week with low (0.3 mg/kg) or high (0.6 mg/kg) dose DON were examined. DON treatment suppressed lymphocyte proliferation in cervical lymph nodes resulting in reduced CNS immune cell infiltration, inflammation, and cell death compared to untreated SINV-infected mice. Production of SINVspecific antibody and interferon-gamma were also impaired by DON treatment with a delay in virus clearance. Cessation of treatment allowed activation of the antiviral immune response and viral clearance, but revived CNS pathology, demonstrating the ability of the immune response to mediate both CNS damage and virus clearance.
Introduction
Recent epidemics of rash, arthritis and encephalomyelitis emphasize the importance of arthropod-borne viruses, primarily alphaviruses and flaviviruses, to threaten public health (Lubelczyk et al., 2013; ; Molaei et al., 2015; Weaver et al., 1996) . Encephalomyelitis induced by infection with alphaviruses can be severe, with outcome dependent on the virus species (Babi et al., 2014; Baig et al., 2014; Bruyn and Lennette, 1953; Ethier and Rogg, 2012; Harvala et al., 2009; Lury and Castillo, 2004; Mancao et al., 2009; Przelomski et al., 1988; Reddy et al., 2008; Rivas et al., 1997; Rozdilsky et al., 1968; Schultz et al., 1977; Vilcarromero et al., 2010) . Eastern equine encephalitis virus is most neurovirulent with fatalities most commonly in infants and children and frequent neurologic sequelae in those that survive (Deresiewicz et al., 1997; Finley et al., 1955) . Currently, no treatments beyond supportive care are available, and no licensed vaccines for alphavirus encephalomyelitis are approved for non-military human use, so there is a need to identify new approaches to treatment (Go et al., 2014) .
Infection of mice with Sindbis virus (SINV) leads to encephalomyelitis, providing a model for evaluating clinical disease and central nervous system (CNS) pathology induced by alphavirus infection. SINV preferentially infects neurons in mice, particularly the hippocampal neurons of the brain and the motor neurons of the spinal cord, and outcome is dependent on the strain of infecting virus and genetic background of the mouse (Kimura and Griffin, 2003; Griffin, 2011) . Weanling C57BL/6 mice infected with the neurovirulent NSV strain of SINV develop fatal encephalomyelitis while mice infected with the less virulent TE strain recover with persistent hippocampal-dependent memory deficits as measured by fear conditioning Potter et al., 2015) .
The immune response to alphavirus infection of the CNS presents a double-edged sword: while the immune response is necessary for bringing virus replication and production under control, it is also responsible for many of the pathological changes and neurological damage produced. After infection with the neurovirulent NSV strain of SINV, fatal encephalomyelitis coincides with infiltration of CD4 + and CD8 + T cells into the brain (Kulcsar et al., 2014) , and in studies of mice lacking components of the immune response, particularly T cell deficits, mortality and severity of disease are decreased (Rowell and Griffin, 2002; Kimura and Griffin, 2003) . Furthermore, previous studies have shown that inhibition of the immune response and glutamate excitotoxicity with 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propranoic acid (AMPA) receptor antagonists can protect NSVinfected mice from fatal encephalomyelitis (Greene et al., 2008; Nargi-Aizenman et al., 2004) . DON is a diazo-containing glutamine analog that acts as a broad irreversible competitive inhibitor of several glutamine-utilizing enzymes (Thangavelu et al., 2014) . During growth and proliferation, T cells preferentially use glutamine instead of glucose as an energy source, and rapidly dividing activated T cells show increased glutamine uptake and metabolism Maciolek et al., 2014) . Therefore, glutamine antagonism can inhibit lymphocyte proliferation (Wang et al., 2011) . In the CNS, the excitatory neurotransmitter glutamate is synthesized from glutamine by the amidohydrolase enzyme glutaminase. Excess production of glutamate leads to neuronal death through glutamate excitotoxicity, so inhibition of glutaminase via DON might abrogate this process (Sattler and Tymianski, 2001) . In support of this approach, mice infected with the fatal NSV strain of SINV show reduced mortality with DON treatment (Manivannan et al., 2016) , and in the less virulent TE strain of SINV, DON reduces the development of clinical disease and hippocampus-dependent memory deficits . To determine the mechanism(s) by which DON improves outcome from nonfatal alphavirus encephalomyelitis, we have examined the effect of treatment on both pathological changes and virus clearance in the CNS.
Materials and methods

Sindbis virus infection and DON administration
The TE strain of SINV (Lustig et al., 1988) was grown and assayed by plaque formation in baby hamster kidney (BHK) cells. Four to sixweek-old male C57BL/6 mice (Jackson Laboratory) were infected intranasally with 10 5 pfu SINV in 20 μL PBS or mock-infected with 20 μL PBS while under light isoflurane anesthesia. DON was intraperitoneally administered once a day from the day of infection to 7 days post infection (DPI) at a dose of 0.3 mg/kg (low dose) or 0.6 mg/kg (high dose) as previously described . Control animals received the same volume of PBS. All studies were done in accordance with protocols approved by the Johns Hopkins University Institutional Animal Care and Use Committee.
Tissue collection
At two time points during drug administration (5 and 7 DPI) and at two time points following cessation of treatment (9 and 11 DPI), mice were euthanized by isoflurane overdose and perfused with 15 mL ice cold PBS following blood collection by cardiocentesis. Blood was allowed to coagulate in BD Microtainer serum separator tubes and centrifuged for 15 min at 1500 RCF. Serum was collected and stored at −20°C. For RNA and plaque assay analysis, brains and spinal cords were collected, flash-frozen and stored at −80°C. For histopathology and immunohistochemistry, mice were perfused with 40 mL cold 4% paraformaldehyde (PFA), and brains and spinal columns were collected. Brains were divided into three coronal sections using an Adult Mouse Brain Slicer (Zivic Instruments), fixed overnight in 4% PFA at 4°C, and washed in ice-cold PBS. Spinal columns were trimmed of excess soft tissue, fixed overnight in 4% PFA at 4°C, and then decalcified on a rotator for 24-36 h in a 10% sodium citrate/22% formic acid solution. Spinal columns were washed in ice-cold PBS and the L4-L6 regions were isolated. Tissues were embedded in paraffin for sectioning and staining.
Mononuclear cell isolation
Single cell suspensions were made from cervical lymph nodes (CLNs), brains, and spinal cords pooled from two to five mice per group per time point as previously described . Briefly, CLNs were dissociated using a gentleMACS Dissociator (Miltenyl Biotec), and red blood cells were lysed using ammonium chloride (Sigma-Aldrich). Brains and spinal cords were dissociated in RPMI containing collagenase and DNase in C tubes using a gentleMACS Dissociator. Mononuclear cells were separated from red blood cells and myelin debris on a 30%/70% Percoll gradient (GE Healthcare) for 30 min at 4°C. Live mononuclear cells from all tissues were quantified by trypan blue exclusion.
Flow cytometry
Cells were stained and analyzed by flow cytometry as previously described . Briefly, 10 6 live cells were stained with violet LIVE/DEAD Fixable Dead Cell Stain (Life Technologies) for 30 min, anti-mouse CD16/CD32 (BD Pharmingen) for 15 min, and monoclonal antibodies against CD45 (clone 30-F11), CD3 (clone 17A2), CD4 (clone RM4-5), CD8a (clone 53-6.7), and CD19 (clone 1D3) from Ebioscience or BD Pharmingen for 30 min. Cells were run on a BD FACSCanto II cytometer using BD FACSDiva software, version 8, and analyses were carried out using FlowJo software, version 8. Cells were characterized as follows: CD4 T cells (CD45 hi CD3 + CD4 + ), CD8 T cells (CD45 hi CD3 + CD8 + ), and B cells (CD45 hi CD3 -CD19 + ). For CLN and brain, total mononuclear cell counts were from three independent experiments, and for spinal cord, as well as CD4 + , CD8 + and CD19 + cells for all tissues, counts were from two independent experiments. At 11 DPI, the SINV, 0.6 mg/kg DON group had data from one fewer experiment than the others (one to two independent experiments).
Histology and immunohistochemistry
Three to four 10 µm brain sections per mouse were stained with H & E, coded, and scored as previously described (Rowell and Griffin, 1999) using a 0-3 scale. A score of 0 was given when there was no detectable inflammation, a score of 1 for brains with one to two small inflammatory foci per section, a score of 2 for moderate inflammatory foci in up to 50% of 10X fields, and a score of 3 for moderate to large inflammatory foci in greater than 50% of 10X fields. An additional point was added for excessive parenchymal cellularity, allowing for a maximal score of 4.
Three to four 10 µm lumbar spinal cord sections per mouse were stained with H & E, coded, and scored using a 0-2 scale adapted from the brain scoring system. A score of 0 was given for no detectable inflammation, a score of 1 for one to two small inflammatory foci per section, and a score of 2 for greater than two inflammatory foci per spinal cord or for spinal cords with moderate to marked inflammatory foci. An additional point was added for excessive parenchymal cellularity, allowing for a maximal score of 3.
For immunohistochemical staining, 10 µm brain sections were deparaffinized and hydrated. Antigen retrieval was performed by boiling slides in 0.01 M sodium citrate, pH 6.0 (glial fibrillary acidic protein, GFAP), and endogenous peroxidase was quenched with 3% H 2 O 2 in methanol for 10 min (ionized calcium binding adaptor molecule 1, IBA1 and glutamate transporter 1, GLT1). Slides were blocked in 10% normal goat serum (NGS), and incubated with primary antibody diluted in PBS +5% NGS +0.04% TritonX (GFAP 1:1000, Millipore AB5804, 1 h RT; IBA1 1:200, Wako, 4°C overnight; GLT1 1:100, [Rothstein et al., 1994] , 4°C overnight). Tissues being stained for GFAP were additionally treated with an Avidin/Biotin Blocking Kit (Vector Laboratories) prior to primary antibody incubation. Tissues were incubated in secondary anti-rabbit IgG (Vector Laboratories, 5 μg/mL in PBS +5% NGS +0.04% Triton X) for 1 h at RT with Vectastain Elite ABC kit (Vector Laboratories), and visualized with 3',3'-diaminobenzidine (DAB) peroxidase substrate (Vector). Tissues were counterstained with hematoxylin, dehydrated, and mounted with Permount (Fisher Scientific).
For TUNEL staining, 10 µm brain or spinal cord sections were rehydrated and treated with 1 mg/mL proteinase K (1:200 in deionized water) for 30 min for antigen retrieval. Endogenous peroxidases were quenched in methanol +3% H 2 O 2 for 5 min, and after immersion in TdT Labeling Buffer for 5 min, sections were stained with TdT Labeling Reaction mix for 60 min at 37°C in a humidity chamber. To stop the reaction, slides were immersed in TdT Stop Buffer for 5 min then incubated with streptavidin-HRP solution for 10 min (TACS 2 TdT kit, Trevigen). Tissues were developed with DAB for 8 min, counterstained with hematoxylin, dehydrated, and mounted with Permount. Slides were coded, and the whole visible hippocampus on one brain section per mouse or the entire spinal cord cross section was outlined to determine the tissue area using a Nikon Eclipse E600 microscope and StereoInvestigator software (MBF Bioscience). All TUNEL-positive cells, indicated by brown staining, were counted within the outlined area, and results were graphed as TUNEL-positive cells per mm 2 tissue.
For SINV antigen staining, 10 µm brain or spinal cord sections were rehydrated and treated with 1 mg/mL proteinase K (Invitrogen, 1:200) for 20 min for antigen retrieval. Endogenous peroxide was quenched in methanol +3% H 2 O 2 for 10 min, and tissues were blocked with 10% NGS in PBS for 20 min. Slides were incubated with rabbit anti-sera to SINV (1:200 in PBS +5% NGS +0.04% Triton-X) for 60 min, biotinylated anti-rabbit IgG secondary antibody (5 μg/mL in PBS +5% NGS +0.04% Triton-X) for 30 min, and avidin-biotin complex (VECTASTAIN Elite ABC kit) for 40 min. Slides were developed with DAB, counterstained and mounted as above.
Immunoblotting
Protein was quantified in 20% w/v whole brain homogenates from two independent experiments with two individual mice per group in each experiment (total of four mice per group) using a DC assay kit (Bio Rad Laboratories). 10 μg samples were separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane (Bio Rad). After confirmation of protein presence using a 0.2% Ponceau S stain (Sigma Aldrich), membranes were blocked in 5% milk. Membranes were incubated overnight at 4°C with anti-GFAP (1:50,000, Millipore), anti-IBA1 (1:1,000, Wako Chemical Laboratories), or anti-GLT1 (1:100,000; Rothstein et al., 1994) diluted in 5% BSA. Membranes were incubated with HRP-conjugated secondary anti-rabbit IgG (Cell Signaling) diluted in 5% milk (1:10,000, 1:2,000, and 1:50,000 for anti-GFAP, anti-IBA1, and anti-GLT1, respectively) for 1 h at RT. Membranes were developed using the Amersham ECL Prime Western Blot Developing kit (GE Healthcare). Membranes were then exposed either in a darkroom with Amersham Hyperfilm ECLHigher performance chemiluminescence film (GFAP, IBA1, and associated ACTB), or using a Bio-Rad Universal Hood II and ChemiDoc XRS imaging camera (GLT1 and associated ACTB). Densitometry measurements were performed using ImageJ Software, and the average fold-change of each protein normalized to ACTB compared to mock-infected, untreated control homogenates was calculated.
Protein quantification by enzyme immunoassay
Anti-SINV antibody was measured in serum and 20% w/v brain homogenates in three to four mice per group per time point using an in-house enzyme immunoassay (EIA) as previously described . Briefly, Maxisorp 96-well plates (Thermo Scientific Nunc) coated with PEG-purified SINV TE were blocked in PBS-0.05% Tween-20+10% FBS for 2 h at 37°C and incubated overnight at 4°C with samples (1:100 [IgM] or 1:10 [IgG] for serum, 1:4 for brain homogenates, diluted in PBS-0.05% Tween-20+10% FBS). After incubating wells with 1:1000 HRP-conjugated goat anti-mouse IgM or IgG (Southern Biotech) for 2 h at RT, plates were developed using a BD OptEIA TMB Substrate Reagent kit and stopped using 2 M H 2 SO 4 . Plates were read at 450 nm and the optical density (OD) values for infected mice minus the OD values for mock-infected mice were graphed.
Interferon-gamma (IFN-γ) production was quantified in 20% w/v brain homogenates in 3-5 mice per group per time point by commercial EIA kit (Ebioscience Ready-SET-Go!). Assays were performed according to manufacturer's instructions, and data are presented as pg per gram brain. The standard curve for the assay ranged from 312.5 to 20,000 pg/g.
Quantification of infectious virus
Ice-cold PBS was added to left halves of brains (20% w/v) or whole spinal cords (10% w/v) previously frozen and stored at −80°C from 3 to 6 mice per group per time point. Tissues were homogenized in MP Biomedicals Lysing Matrix A tubes at 6.0 M/s for 40 s using a FastPrep-24 homogenizer (MP Biomedicals) and clarified by centrifuging at 13,200 rpm for 15 min at 4°C. Supernatant fluids were serially diluted ten-fold in DMEM +1% FBS and incubated on BHK cells for 1 h, and an agarose overlay was applied. Assay plates were incubated at 37°C, 5% CO 2 for 48 h, and plaques were counted using 10% neutral red solution to stain live cells and aid visualization. When a sample had no detectable plaques, a value of half the limit of detection for the assay was assigned.
qRT-PCR evaluation of IFN-γ mRNA expression and viral RNA production
Right brain halves and whole spinal cords from three to five mice per group per time point were placed in Lysing Matrix D tubes and homogenized in 1.0 mL Qiazol at 6.0 M/s for 40 s in a FastPrep-24 homogenizer (MP Biomedicals). RNA was isolated using the Qiagen RNeasy Lipid Mini kit and cDNA was synthesized with random primers using a Life Technologies High Capacity cDNA Reverse Transcription Kit. qRT-PCR was performed using TaqMan Universal PCR Master Mix (Roche) on a 7500 Fast Real-Time PCR System for 50 cycles, and results were analyzed using Sequence Detector software, version 1.4. Ifng mRNA was measured using a commercially available TaqMan gene expression assay (Integrated DNA Technologies), and relative gene expression versus mock-infected mice was determined by the ΔΔCT method using mouse Gapdh for normalization. SINV RNA copies were measured using TaqMan probe (5'-6-carboxyfluorescein [FAM]-CGCATACAGACTTCCGCCCAGT-6-carboxytetramethylrhodamine [TAMRA]−3' (Applied Biosystems) and primers to the SINV E2 gene (forward, 5'-TGGGACGAAGCGGACGATAA-3'; reverse, 5'-CTGCTCCGCTTTGGTCGTAT-3'). SINV E2 copies were quantified using a standard curve made of ten-fold dilutions of a plasmid containing the SINV subgenomic region and normalized to endogenous mouse Gapdh.
Statistics
Statistical analyses were performed using GraphPad Prism 6 software. Time-course studies were analyzed by two-way ANOVA with Tukey's multiple comparison post-test, and single time point studies were analyzed by one-way ANOVA with Tukey's multiple comparison post-test. A p value of < 0.05 was considered significant in all analyses.
Results
Glutamine antagonism prevents lymphocyte proliferation in the draining cervical lymph nodes and mononuclear cell infiltration into the CNS
To determine the effect of DON treatment beginning at the time of infection on induction of the immune response in the periphery and on entry of immune cells into the CNS, the draining cervical lymph nodes (CLNs) and CNS tissues were examined from mice infected intranasally with the TE strain of SINV. Because lymphocyte proliferation in response to antigen stimulation requires utilization of glutamine as an energy source (Maciolek et al., 2014) , we hypothesized that treatment with DON would reduce production of SINV-specific lymphocytes and infiltration of immune cells into the CNS during SINV infection. To examine the effect of daily low (0.3 mg/kg) and high (0.6 mg/kg) doses of DON on the cellular immune response to infection, changes in the numbers of total cells and of CD4 + and CD8 + T cells and B cells were evaluated in the CLNs, brains, and spinal cords of SINV-infected mice during DON treatment (5 and 7 DPI) and after cessation of treatment (9 and 11 DPI) ( Fig. 1) . Mononuclear cells were isolated from tissue homogenates, total live cells were counted , low (0.3 mg/kg) dose DON, or high (0.6 mg/kg) dose DON at 5, 7, 9, and 11 DPI (n =2-5 pooled mice per group per time point from 2 to 3 independent experiments, except for SINV, 0.6 mg/kg DON group at 11 DPI, which is from 1 to 2 independent experiments; data presented as the mean ± SEM; double-headed arrows indicate the period of DON treatment; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by Tukey's multiple comparisons test).
V.K. Baxter et al. Virology 508 (2017) 134-149 ( Fig. 1A) , and numbers of CD4 + T cells ( Fig. 1B) , CD8 + T cells (Fig. 1C) , and CD19 + B cells ( Fig. 1D) were determined by flow cytometry.
In the CLNs, all cell types increased in untreated, SINV-infected mice, with the highest numbers of total mononuclear cells, CD4 + T cells and CD8 + T cells at 7 DPI, and highest numbers of CD19 + B cells at 9 DPI. In DON-treated, SINV-infected mice, CLN cell numbers did not begin to increase until 11 DPI in mice that had received DON at the low dose and did not increase during the period of observation for mice that received DON at the high dose.
In the brains and spinal cords of untreated, SINV-infected mice, total numbers of mononuclear cells increased starting at 7 DPI and peaked between 7 and 9 DPI. In both tissues, CD4 + , CD8 + , and CD19 + cell populations steadily increased in number, peaking at 11 DPI. In DON-treated, SINV-infected mice, there was no evidence of infiltration of any cell population into the brain or spinal cord at days 5 or 7 during treatment. However, after cessation of treatment, total mononuclear cells and CD19 + B cells increased at 9 DPI, and CD4 + and CD8 + T cells were evident in the brain at 11 DPI in mice treated with the low DON dose. Similar increases in infiltrating cells into the spinal cords of DON-treated mice were not seen during this time. Taken together, these data indicate that DON treatment inhibits proliferation of T and B cells in the periphery in response to SINV infection, resulting in decreased infiltration of immune cells into the CNS. With cessation of DON treatment the immune response was gradually activated.
Glutamine antagonism decreases CNS inflammation and pathology during SINV infection
To examine the effect of glutamine antagonism on CNS pathology during SINV infection, coronal brain sections ( Fig. 2) and transverse lumbar spinal cord ( Fig. 3 ) sections of SINV-infected mice untreated or treated with low or high dose DON were stained with H & E and evaluated for pathological changes and evidence of inflammation. While inflammation and pathological changes were present throughout the brain, the hippocampus was chosen for closer evaluation due to the predilection of SINV for those neurons (Kimura and Griffin, 2003) . In the hippocampi and spinal cords of untreated, SINV-infected mice, perivascular cuffs of mononuclear cells and increased parenchymal cellularity were appreciable by 7 DPI ( Figs. 2A and 3A) . At 7 and 9 DPI, there was disruption of neuronal architecture in the hippocampus, with multifocal areas of granule cell loss and immune cell infiltration in the dentate gyrus ( Fig. 2A ), and at 9 DPI, tissue necrosis was noted in the lateral ventral horn of the spinal cord ( Fig. 3A) . Increased inflammation and pathological changes had resolved by 11 DPI. Compared to mock-infected controls (data not shown), there was no evidence of increased inflammation or pathological changes in the brains or spinal cords of SINV-infected mice treated with low or high dose DON during the period of drug administration. Following cessation of treatment, perivascular cuffs of mononuclear cells became apparent at 9 and 11 DPI in the hippocampi and spinal cords of SINV-infected mice previously treated with DON. Disruption of normal architecture in the granule layer of the dentate gyrus was noted at 11 DPI in SINVinfected mice previously treated with low dose DON.
To quantify the level of inflammation, H & E-stained slides were coded and scored (Rowell and Griffin, 1999) . Brain inflammation scores significantly differed among groups ( Fig. 2B ; p < 0.001, twoway ANOVA), with untreated, SINV-infected mice having higher scores than SINV-infected, low dose DON-treated mice at 7 DPI, and SINVinfected, high dose DON-treated mice at 5, 7, and 9 DPI. Inflammation scores began to decrease at 11 DPI in untreated mice. Starting at 9 DPI, following cessation of DON treatment, brain inflammation scores in SINV-infected, low dose DON-treated mice began to increase, becoming significantly higher than those of SINV-infected, high dose DONtreated mice at 9 DPI and significantly higher than those of untreated, SINV-infected mice at 11 DPI. Inflammation scores in SINV-infected, high dose DON-treated mouse brains began to increase at 11 DPI.
Lumbar spinal cords scored for inflammation showed trends that were similar to brains (Fig. 3B ). Inflammation scores differed significantly among groups (p < 0.001, two-way ANOVA), with scores in untreated, SINV-infected mice significantly higher than those of SINVinfected, low dose DON-treated mice at 7 DPI and significantly higher than those of SINV-infected, high dose DON-treated mice at 7 and 9 DPI. Following cessation of treatment, inflammation scores began to increase in SINV-infected, low dose DON-treated and SINV-infected, high dose DON-treated mice at 9 and 11 DPI, respectively. By 11 DPI, spinal cord inflammation scores were comparable among treatment groups. These data show that glutamine antagonism suppresses inflammation and CNS pathological changes due to SINV infection during treatment, but cessation of treatment results in appearance of inflammation over time in a dose-dependent manner.
Effect of treatment on brain markers associated with glutamate excitotoxicity
A mechanism that likely contributes to neuronal damage during alphavirus infection is glutamate excitotoxicity accompanied by glial cell activation (Darman et al., 2004; Greene et al., 2008; Nargi-Aizenman et al., 2004) . To evaluate the potential role of DON treatment in mitigating glutamate excitotoxicity during SINV infection, glial cell markers associated with glutamate excitotoxicity during virus infection were examined (Brison et al., 2011; Darman et al., 2004) . Expression of GFAP and GLT1 by astrocytes and IBA1 by microglial cells was assessed by immunohistochemistry (IHC) and immunoblot. To maximize the chance of observing an effect, markers were examined at 7 DPI during the period of DON treatment.
GFAP is an intermediate filament protein highly expressed by activated astrocytes (Eng and Ghirnikar, 1994) . GFAP expression increased with SINV infection as assessed by both IHC and immunoblot (Figs. 4A, D) . Overall levels of protein differed among groups ( Fig. 4G ; p < 0.05, one-way ANOVA) but were not affected by DON treatment, suggesting that the increase in GFAP is a direct result of the local innate response to neuronal virus infection (Carpentier et al., 2004) .
GLT1, also known as EAAT2, is an astrocyte transporter protein responsible for most glutamate scavenging within the CNS (Danbolt, 2001) . In control brains, GLT1 was highly expressed with widespread staining in the extraneuronal mileu. During SINV infection, GLT1 expression in the hippocampus was variable with areas devoid of IHC staining (Fig. 4B ) and an overall decrease in expression on immunoblot (Fig. 4E) . In DON-treated mice, GLT1 distribution by IHC was restored to that found in mock-infected, untreated control mice. GLT1 protein levels for individual mice on immunoblot were variable and density quantification did not identify significant differences between groups (Fig. 4H ).
IBA1 is a cytoplasmic protein specifically expressed by macrophages and microglia and upregulated during cellular activation (Ito et al., 1998) . During SINV infection, IBA1 expression was increased by both IHC and immunoblot compared to mock-infected, untreated controls (Figs. 4C, F and I; p < 0.001, one-way ANOVA). Compared to brains from SINV-infected, untreated mice, IBA1 was less highly expressed in brains from mice treated with DON, but was not reduced to control levels. For all three markers, DON treatment had no appreciable impact on protein expression in brains from mock-infected mice by IHC (data not shown). Therefore, DON treatment of SINVinfected mice had a variable effect on markers of glial cell activation associated with glutamate excitotoxicity.
DON treatment decreases apoptosis in the CNS during SINV infection
Death of neurons during viral infection results in significant organ dysfunction. To evaluate whether DON treatment decreases cell death in V.K. Baxter et al. Virology 508 (2017) 134-149 the brain and spinal cord during SINV infection, coronal brain sections and transverse lumbar spinal cord sections from SINV-infected mice treated with low or high dose DON were examined by TUNEL staining. Increased numbers of TUNEL-positive cells were present at 7 and 9 DPI in the hippocampi of SINV-infected mice (Fig. 5A) . TUNEL-positive cells were only rarely detectable in hippocampi of SINV-infected mice treated with low or high dose DON during the period of treatment, but increased in frequency within the granular cell layer of the dentate gyrus at 9 DPI. At 11 DPI, TUNEL-positive cells were only rarely found in the hippocampi of all groups. In spinal cord sections of SINV-infected mice TUNEL-positive cells were present throughout at 7 and 9 DPI with fewer at either 5 or 11 DPI (Fig. 6A) . TUNEL-positive cells were only rarely present in spinal cords of SINV-infected mice treated with low or high dose DON at any of the time points. Quantification of TUNEL-positive cells showed that untreated, SINV-infected mice had more cell death than SINV-infected, low or high dose DON-treated mice in the hippocampus at 9 DPI ( Fig. 5B ) and in the spinal cord at 7 and 9 DPI (Fig. 6B ). Evidence of cell death was comparable between groups at 5 and 11 DPI in both tissues.
Glutamine antagonism suppresses the antiviral immune response during SINV infection
Previous studies have shown that clearance of infectious SINV from the CNS is affected synergistically by B cell-produced antibody directed V.K. Baxter et al. Virology 508 (2017) 134-149 against the SINV E2 glycoprotein and T cell-produced IFN-γ (Binder and Griffin, 2001; Levine et al., 1991) . Because glutamine antagonism suppresses lymphocyte proliferation (Colombo et al., 2010; Newsholme et al., 1985; Wang et al., 2011) (Fig. 1) , the antiviral effector function of these cells was evaluated during and following DON treatment of SINV infection. Levels of SINV-specific IgM and IgG were evaluated in the sera and brains of SINV-infected, DON-treated mice by EIA ( Fig. 7A-D) . Serum IgM (Fig. 7A) and IgG (Fig. 7B) were both significantly higher in untreated mice compared to low and high dose DON-treated mice (p < 0.01 for IgM, p < 0.0001 for IgG, two-way ANOVA) at all time V.K. Baxter et al. Virology 508 (2017) 134-149 points for IgM and at 7, 9, and 11 DPI for IgG. Anti-SINV IgM and IgG in the sera of low and high dose DON-treated mice increased following cessation of treatment at 11 DPI. SINV-specific brain IgM (Fig. 7C) and IgG (Fig. 7D ) differed among treatment groups (p < 0.0001 for both IgM and IgG, two-way ANOVA) but increases were delayed in comparison to appearance of antibody in serum. Brain anti-SINV antibody was higher in untreated mice compared to both low and high dose DON-treated mice at 11 DPI for IgM and at 9 and 11 DPI for IgG. Anti-SINV IgM and IgG increased in the brains of low dose DON-treated, but not high dose DON-treated mice following cessation of treatment. These results show that glutamine antagonism decreases anti-SINV antibody production in the serum and brain during SINV infection, and that cessation of treatment allows increases in production. V.K. Baxter et al. Virology 508 (2017) 134-149 IFN-γ also contributes to virus clearance (Binder and Griffin, 2001) , and the effect of glutamine antagonism on expression in the brain during SINV infection of the CNS was examined by measuring levels of Ifng mRNA by qRT-PCR and levels of IFN-γ protein by EIA. Overall Ifng mRNA expression, when normalized to that of untreated, mockinfected mouse brain, significantly differed among groups (Fig. 7E ; p < 0.001, two-way ANOVA), with untreated, SINV-infected mice having increased expression at 7 DPI compared to low and high dose DONtreated mice. Ifng mRNA expression in brains of SINV-infected, low and high dose DON-treated mice was approximately 100-1000-fold higher than untreated-mock-infected mice. Following cessation of DON treatment, Ifng expression increased starting at 9 DPI, with SINV- V.K. Baxter et al. Virology 508 (2017) 134-149 infected, low dose DON-treated mice having increased expression compared to untreated, SINV-infected mice at 11 DPI. Ifng expression in mock-infected, high dose DON-treated mouse brains was comparable to that of untreated, mock-infected mouse brains (data not shown). IFN-γ protein levels in the brain significantly differed among groups ( Fig. 7F ; p < 0.0001, two-way ANOVA), with untreated, SINVinfected mice having higher expression at 7 DPI compared to low and high dose DON-treated mice. Following cessation of DON treatment, IFN-γ expression increased starting at 9 DPI, with both SINV-infected, low and high dose DON-treated mice having significantly increased expression compared to untreated, SINV-infected mice at 11 DPI. IFNγ levels were below the level of detection in the brains of mock-infected mice and in brains of SINV-infected, low and high dose DON-treated mice during the period of drug administration at 5 and 7 DPI. These data show that glutamine antagonism impairs the two major adaptive antiviral responses involved in clearance of SINV.
DON treatment delays virus clearance in the brain and spinal cord
Because the two major mechanisms by which the immune response clears SINV from the CNS were affected by glutamine antagonism, virus production was examined. SINV protein visualized in coronal brain (Fig. 8) and lumbar spinal cord (Fig. 9 ) sections by IHC showed the presence of SINV antigen in the hippocampus of untreated mice at 5, 7, and 9 DPI ( Fig. 8A ) and in the spinal cord at 7 and 9 DPI (Fig. 9A ). Comparable levels of SINV antigen staining were found in mice treated with low or high dose DON in both tissues. Additionally, SINV antigen was readily visualized in the brains and spinal cords of DON-treated, but not untreated, mice at 11 DPI, although following cessation of DON administration, SINV protein began to decrease in DON-treated mice. DON treatment did not affect the distribution of SINV antigen in the brain or spinal cord.
Clearance of infectious virus was evaluated by measuring virus titers by plaque assay. Clearance from the brain was delayed in DONtreated mice in a dose-dependent manner, with titers significantly higher in DON-treated mice at 9 and 11 DPI (Fig. 8B) . Virus titers were also significantly higher in spinal cords of DON-treated mice compared to untreated mice at 7, 9, and 11 DPI (Fig. 9B ).
Viral RNA clearance was evaluated by measuring viral RNA levels by qRT-PCR. Clearance was delayed in DON-treated mice, with RNA copies significantly higher than untreated mice at 7, 9, and 11 DPI in the brain (Fig. 8C) and at 9 and 11 DPI in the spinal cord (Fig. 9C ). Viral RNA levels began to decrease in brains of DON-treated mice following cessation of drug administration, although not to the same degree as infectious virus. Therefore, in addition to suppressing the immune response during SINV infection, glutamine antagonism delays virus clearance from the CNS. V.K. Baxter et al. Virology 508 (2017) 134-149 
Discussion
In this study, we sought to determine the mechanisms by which glutamine antagonism protects mice from neurologic deficits during nonfatal alphavirus encephalomyelitis. Treatment with DON for one week after infection impaired proliferation of lymphocytes in the draining CLNs and infiltration of mononuclear cells into the brain and spinal cord. This impaired immune response resulted in a decrease in pathological changes and fewer TUNEL-positive cells in the CNS but also reduced production of SINV-specific antibody and IFN-γ, resulting in delayed virus clearance. DON affected the immune response mostly during the period of treatment, so the effects on CNS pathology and virus clearance were transient and, upon cessation of treatment, the immune response was activated, CNS pathology appeared, and virus clearance initiated more quickly in low dose-treated than high dosetreated animals. DON had a variable effect on SINV-induced glial markers of glutamate excitotoxicity, suggesting that the primary mechanism for decreasing pathology is through modulation of the immune response.
When neurons are infected with a virus, three possible outcomes may occur (Griffin, 2011) . First, the virus may directly kill the neuron by inducing processes such as apoptosis or necrosis (Havert et al., V.K. Baxter et al. Virology 508 (2017) 134-149 2000; Lewis et al., 1999 Lewis et al., , 1996 . Second, the neuron may be damaged or die through a secondary process, such as effects of inflammation or glutamate excitotoxicity (Conrady et al., 2010; Greene et al., 2008) . Activation of nearby microglia and astrocytes that release reactive oxygen and nitrogen species and infiltration of monocytes, neutrophils, and lymphocytes that release cytokines may all facilitate neuronal damage (Tilleux and Hermans, 2007) . And lastly, virus infection of the neuron may be controlled through noncytolytic immune mechanisms so the cell survives. Because SINV RNA persists after infectious virus is cleared, the immune system must continually control virus reactivation.
Previous work has shown that in fatal alphavirus encephalomyelitis, neuronal death is primarily mediated through the immune response rather than direct viral mechanisms (Greene et al., 2008; Kimura and Griffin, 2003) , and treatment with DON suppresses inflammation and reduces mortality (Manivannan et al., 2016) . Likewise, in nonfatal SINV-induced encephalomyelitis, DON treatment reduces neurologic sequelae . However, neither of these studies included an in-depth examination of the effects of treatment on development of the immune response or on pathologic changes in the CNS during and after treatment.
This study shows that neurologic damage, including the more limited neuronal death, during nonfatal encephalomyelitis is immune-mediated rather than a direct effect of virus replication. Without treatment, mononuclear cells begin infiltrating the brain in high numbers by 7 DPI and TUNEL-positive cells peak after this, around 9 DPI. This is in contrast to peak infectious virus titers, which occurred at 5 DPI (and possibly earlier) in the brain. Despite having high virus titers throughout the time course, DON-treated mice had few TUNEL-positive cells in the hippocampus, corresponding with limited immune cell infiltration.
The immune system is the primary mediator of neuronal damage during fatal alphavirus encephalomyelitis. When mice lacking various components of cellular immunity are infected with NSV, mortality significantly decreases, indicating an important role for T cells (Rowell and Griffin, 2002) . Furthermore, NSV-induced clinical disease development and mortality coincide with infiltration of CD4 + and CD8 + T cells into the brain (Kulcsar et al., 2014) . In our study, neuronal loss and necrosis in the hippocampus and lumbar spinal cord corresponded with peak inflammation. During the period of DON treatment, mouse brains had fewer pathologic changes and fewer TUNEL-positive cells, previously shown to be neurons, compared to SINV-infected, untreated mice .
Due to the limited ability of neurons to regenerate, clearance of viruses that infect them requires a noncytolytic process to avoid longterm neurological deficits (Griffin, 2003) . While innate production of type I IFN, particularly IFN-β, can help with the early control of SINV replication and spread, the adaptive immune response is responsible for virus clearance (Burdeinick-Kerr et al., 2007; Byrnes et al., 2000) . SINV clearance from the CNS is achieved by a synergistic cooperation between SINV-specific antibody and IFN-γ Burdeinick-Kerr et al., 2007) .
By impairing proliferation of both B cells, which produce antibody, and T cells, which produce IFN-γ, virus clearance from both the brain and the spinal cord was delayed during the period of DON treatment. However, once treatment was stopped, levels of SINV-specific IgM and IgG increased in the serum, and IFN-γ mRNA expression and protein production increased in the brain. SINV-specific IgM and IgG were only detected in low dose DON-treated mouse brains at 11 DPI, while IgM was detectable in the serum of both low and high dose DONtreated mice at 9 DPI and at high levels at 11 DPI, further supporting the hypothesis that DON's primary effect on the immune system occurs in the periphery rather than the CNS in this mouse model.
Changes in brain IFN-γ levels in the different treatment groups over time closely followed that of mononuclear cell numbers (Fig. 1A) and H & E inflammation scores (Fig. 2B ), but peak levels preceded peak infiltration of CD4 + and CD8 + T cells by two to four days (Figs. 1B and C) and quickly appeared after DON treatment was stopped. While macrophages can sometimes be a source of IFN-γ (Darwich et al., 2009) , natural killer (NK) cells are more likely to be the non-T cell source of IFN-γ in this situation (Trinchieri et al., 1984) . NK cells can be quickly activated to produce IFN-γ (Sun and Lanier, 2011) and proliferate in response to virus infection (Biron et al., 1983; Dokun et al., 2001; Sun et al., 2009; Lopez-Verges et al., 2011) . However, the metabolic requirements for NK cell proliferation have not been extensively studied (Gardiner and Finlay, 2017) , so the requirement for glutamine may be less than that of T cells. Therefore, we speculate that NK cells account for the early increase in Ifng mRNA and IFN-γ protein in the brains of DON-treated mice and contribute to the increases in untreated infected mice (Figs. 7E and F) , but more investigation into this question is required.
Another secondary consequence of virus infection that contributes to neuronal damage and death is glutamate excitotoxicity. Glutamate is a major excitatory neurotransmitter that binds to glutamate receptors on recipient neurons (Sattler and Tymianski, 2001) and can result in an influx of excess calcium into the post-synaptic neuron, which in turn triggers a cascade resulting in free radical production and mitochondrial dysfunction, and ultimately, cell death (J. M. Lee et al., 1999; Nicotera and Orrenius, 1998) . Hippocampal neurons in the brain and motor neurons in the spinal cord are especially sensitive to glutamate excitotoxicity (Carriedo et al., 2000; Nadler et al., 1978; Olney et al., 1979; Rothstein et al., 1993) , and the process plays a role in SINVinduced pathology (Darman et al., 2004; Nargi-Aizenman et al., 2004) . Furthermore, treatment with an AMPA receptor antagonist protects mice from NSV-induced death (Nargi-Aizenman et al., 2004; Greene et al., 2008) .
To examine the effect of DON treatment on glutamate excitotoxicity, we examined the expression of several indirect markers of excitotoxicity. Expression of GFAP, an astrocyte protein up-regulated in response to neuronal damage and local cytokine production, was not affected by DON treatment, consistent with induction of an innate response to SINV infection. GLT1/EAAT2, which is primarily expressed by astrocytes but also found on microglia, is responsible for the majority of glutamate uptake from the synaptic cleft and thus an important player in the prevention of excitotoxicity (Danbolt, 2001) . Several CNS virus infections, including NSV, human coronavirus (HCoV)-OC43, human T-lymphotropic virus, and human cytomegalovirus, downregulate GLT1 expression (Akaoka et al., 2001; Brison et al., 2011; Darman et al., 2004; Irani, 2008, 2007; Zhang et al., 2014) , but others, including herpes simplex virus and Japanese encephalitis virus infection, induce upregulation (Mishra et al., 2007 (Mishra et al., , 2008 Persson et al., 2007) . In our study, SINV infection reduced GLT1 expression in the brain as determined by both IHC and immunoblot at 7 DPI compared to mock-infected control mice. However, DON treatment inconsistently restored expression of GLT1 in the brain at 7 DPI, with comparable expression of GFAP compared to untreated, SINV-infected mice.
Microglia are also a source of glutamate (Takeuchi and Suzumura, 2014) , and microglial activation contributes to excitotoxicity during infection with several viruses, including HCoV, HIV, SIV, and Borna disease virus (Brison et al., 2011; Jiang et al., 2001; Koutsilieri et al., 1999; Ovanesov et al., 2007) . Expression of IBA1, a marker of activated microglia, was increased in untreated, SINV-infected mouse brains compared to uninfected controls, and DON treatment decreased IBA1 expression at 7 DPI. However, macrophages also express IBA1 and infiltrate the brain during NSV infection (Kulcsar et al., 2014 (Kulcsar et al., , 2015 , so these cells could also be contributing to increased IBA1 expression during SINV infection. Further studies that directly measure glutamate and evaluate excitotoxicity, which are difficult to perform in vivo, would help elucidate the role glutamine antagonists play in preventing excitotoxicity.
The inability of DON to effectively cross the blood brain barrier (BBB) could explain the inconsistent effect of drug administration on glutamate excitotoxicity Potter et al., 2015) . During SINV infection, approximately 50% of mice treated with DON develop clinical signs of encephalomyelitis by 7 DPI, compared to almost 100% of untreated, SINV-infected mice . Because the immune response is almost completely absent in CNS during the period of DON treatment, this suggests another mechanism, such as glutamate excitotoxicity, is contributing to clinical disease development. Therefore, while we can conclude that DON treatment suppresses immune cell proliferation in the periphery, leading to decreased cell death but delayed virus clearance in the CNS, it likely has less of an effect on glutamate excitotoxicity due to its poor ability to cross the BBB, resulting in residual clinical disease development. However, a prodrug version of DON containing a methyl-POM on the amine and isopropyl ester on the carboxylate that achieves a tenfold higher cerebrospinal fluid to plasma ratio compared to the parent DON in rhesus macaques has been recently developed (Rais et al., 2016) . Treatment for alphavirus encephalomyelitis is currently limited to supportive care that is usually only initiated once clinical disease develops, and glutamine antagonists such as DON provide an attractive potential therapy. DON is effective against several tumors (Magill et al., 1957; Rais et al., 2016; Shelton et al., 2010; Sullivan et al., 1988) , and its immune suppressive properties prevent allograft rejection and attenuate clinical signs associated with experimental autoimmune encephalomyelitis and Plasmodium infection (Gordon et al., 2015; Lee et al., 2015; Plaimas et al., 2013; Shijie et al., 2009 ). However, gastrointestinal toxicity observed both in mice Rais et al., 2016) and in human trials (Earhart et al., 1990 (Earhart et al., , 1982 Sklaroff et al., 1980) has limited use of DON as a therapeutic agent, and DON prodrugs with reduced toxicity are in development. Regardless, because the immune system plays a role in both CNS pathology and virus clearance, thoughtful consideration should be employed when evaluating drugs that suppress the immune system as potential therapeutics for alphavirus encephalomyelitis.
